Abstract: The characteristics of large precipitates in H13 tool steel with 0.015wt% Ti were studied. The result shows that three types of phases larger than 1 μm exist in the as-cast ingot, that is, (Ti, V) (C, N) type phase, (V, Mo, Cr)C type phase and sulfide. (Ti, V) (C, N) type phase could be further classified as the homogeneous Ti-rich one and the Ti-V-rich one in which Ti/V ratio gradually changes. (V, Mo, Cr)C type phase contains the V-rich one and the Mo-Cr-rich one. The compositional characteristics in all of them have little relation with the cutting position or cooling rate. The precipitating process could be well described through calculation by ThermoCalc software. During solidification, the primary phase (Ti, V)(C, N) first starts to precipitate in the form of Ti-rich carbonitride. With the development of solidification, the ratio of Ti decreases and that of V increases. Then the primary phase Ti-V-rich (Ti, V)(C, N) and V-rich (V, Mo, Cr)C appears successively. Mo-Cr-rich (V, Mo, Cr)C phase does not precipitate until the solidification process reaches to the end. Sulfide precipitates before (V, Mo, Cr)C type phase and it could act as the nucleus of (V, Mo, Cr)C.
Introduction
Titanium has been widely used as a micro-alloying element in steel to control the grain size at high temperature to increase the high-temperature performance [1] [2] [3] .
However, large precipitates with high thermal stability normally exist in the Ti-containing steel and are hardly dissolved by heat treatment [4] [5] [6] [7] [8] [9] . It affects the quality of steel product and the effective utilization of alloying elements. Several researchers [4] [5] [6] [7] [8] [9] have paid attention to the characteristics of large phases in micro-alloyed steel. It is thought that the large phase precipitates during solidification and has already existed in the as-cast ingot. However, the generation mechanism of the precipitates during solidification is still unclear.
For AISI H13, a kind of hot-working tool steel widely used for hot extrusion, forging and die casting, an excellent performance with high strength and toughness is needed. Maloney [10] applied a patent for the Nbcontaining H13 hot work die steel and pointed that the addition of 0.01-0.2 %Ti would further improve the properties of steel product. The goal of this paper is to study the characteristics of the primary phases larger than 1 μm in Ti-containing H13 tool steel and further clarify the precipitating process during solidification.
Experimental method
Based on the chemical composition requirements in NADCA 207-2003, one ingot of approximately 5 kg weight with circular truncated cone shape (the bottom radius 60 mm, the top radius 80 mm, the height 145 mm) was manufactured through the melt of pure alloys in vacuum induction furnace. The molten steel was casted into a cast-iron mold with the size 145 mm × 170 mm. The ingot was then stripped and air cooled to the room temperature.
The ingot composition is listed in Table 1 . The content of Ti and N is 0.015 wt% and 0.0057 wt% respectively. In addition, 61 ppm S from the impurities in alloy exists in the ingot.
The longitudinal section of the as-cast ingot through diameter is shown in Figure 1 . One shrinkage cavity exists at the top of the ingot. Three samples (numbered as 1, 2 and 3) with the side length 15 mm were cut in 1/2 radius and center on the cross section in 1/2 height. SEM equipped with EDS was applied to observe the characteristics of large precipitates in samples polished by SiC papers and polishing paste. The ones larger than 1 μm were recorded.
Results and discussion
The characteristics of large precipitates
In Ti-containing H13 tool steel, there exist three distinct types of large phases according to the compositional characteristics. The morphologies, size and chemical characteristics could be described as follows.
(1) (Ti, V) (C, N). This type of large precipitates could be further classified as the homogeneous Ti-rich one and the Ti-V-rich one in which Ti/V ratio gradually changes, as shown in Figure 2 (a) and (b), respectively. The number on the figure represents the Ti/V atomic ratio at the position the arrow pointing to. Ti-rich phase normally has a quadrangular shape with size smaller than 10 μm. The compositional distribution is uniform. Ti-V-rich phase is larger and normally has a strip shape along which the Ti-rich region in the left side in Figure 2 (b) gradually transforms into V-rich region in the right side. (2) (V, Mo, Cr)C. As shown in Figure 3 According to the analysis above, the compositional characteristics have little relation with the cutting position or cooling rate. It may be due to the high cooling rate for the small ingot during casting process and the low diffusion amount of the carbonitride forming elements in solid steel.
The precipitating sequence of large precipitates
Besides the single ones described above, there exist some large precipitates connecting with each other, layer by Table 1 : The composition of ingot, wt%. layer or end to end, as shown in Figure 4 . Each phase is marked according to the dominant elements. "S" represents the sulfide. "Ti" and "Ti-V" represents the Ti-rich (Ti, V)(C, N) phase and the Ti-V-rich one respectively. "V" and "Mo-Cr" refers to the V-rich (V, Mo, Cr)C phase and the Mo-Cr-rich one respectively. Some V-rich (V, Mo, Cr)C phases precipitate on sulfides, as shown in Figure 4 (a) and (c). Several studies [11] [12] [13] have been concentrated on the MnS + V(C, N) complex precipitate. Heterogeneous nucleation will contribute to the precipitation due to the lower nucleation resistance.
Based on the combining form of the different types of large phases, the possible precipitating sequence could be speculated, as the arrows shown in Figure 4 . Sulfide could act as the nucleus for V-rich (V, Mo, Cr)C type phase, as shown in Figure 4 (a) and (c). It may precipitate before V-rich phase. Similarly, V-rich (V, Mo, Cr)C type phase precipitates before Mo-Cr-rich one because some Mo-Cr-rich phase exists attaching on the V-rich one. For the (Ti, V)(C, N) type phase, Ti-rich one precipitates before Ti-V-rich one and both of them precipitate before V-rich (V, Mo, Cr)C phase, which can be speculated from the morphology and the combining form in Figure 4(d) .
Then the precipitating sequence could be summarized as follows.
1) Ti > Ti-V > V > Mo-Cr; 2) S > V > Mo-Cr.
Solidification calculation by Thermo-Calc and discussion
During solidification, with the development of columnar or equiaxed dendritic solidification structure, microsegregation occurs through the redistribution of solute. The concentration of solute in liquid steel increases constantly, resulting in the precipitation of primary phases. Scheil model in Thermo-Calc software is applied to predict the microsegregation and calculate the precipitating process based on the ingot composition in Table 1 , assuming that the alloying elements are homogeneous in liquid steel, the dissolution is not occurred in solid steel and local equilibrium at solid-liquid interface is maintained during solidification. The assumption is reasonable for the high cooling rate in the small ingot. The calculation results are shown in Figure 5 . Seven phases will appear during solidification, that is, the matrix ferrite phase BCC_A2, the matrix austenite phase FCC_A1#1, and the primary precipitates FCC_A1#2, M 7 C 3 , M 6 C, MnS and Ti 4 C 2 S 2 . During solidification, the facecentered cubic phase FCC_A1#2 first appears. Then Ti 4 C 2 S 2 , MnS, M 7 C 3 and M 6 C phase starts to precipitate successively. Ti 2 C 2 S 2 disappears later on. The corresponding precipitating solid fractions for the primary phases are listed in Table 2 . The precipitating sequence is consistent with the experimental result which is shown in Figure 4 .
The mole fractions of alloying elements in FCC_A1#2, M 7 C 3 and M 6 C are shown in Figure 6 (a), (b) and (c) respectively. M 7 C 3 is a Cr-Fe-rich carbide phase and has a little content of V and Mo. M 6 C is a Mo-Fe-rich carbide phase with a certain content of Si. The content of V and Cr is negligible. For FCC_A1#2, it first precipitates in the form of Ti-rich carbonitride phase. With the development of solidification, the ratio of Ti decreases and that of V increases when the solid fraction reaches a certain value. The compositional characteristics are consistent with that in Ti-rich and Ti-V-rich (Ti, V)(C, N) phases which are shown in Figure 2 .
The normalized atomic ratios of V, Mo and Cr in V-rich region of FCC_A1#2 are plotted in Figure 7 (a) and present as the empty triangles. The curve with an arrow represents the compositional changing direction. The compositional distribution of V-rich (V, Mo, Cr)C phase in Figure 3(b) is also added in the diagram and represented by the half-solid circle. The calculated results could describe the compositional characteristics of Vrich (V, Mo, Cr)C phase well. In addition, the normalized atomic ratios of V, Mo and Cr in the calculated results of M 6 C and M 7 C 3 phase (empty triangle) and the experimental results of Mo-Cr-rich (V, Mo, Cr)C phase (half-solid Table 2 : Solid fraction of precipitation. Based on the analysis above, the generating mechanism of large phase in the as-cast ingot could be described in Figure 8 combining with the compositional characteristics of FCC_A1#2. During solidification, microsegregation occurs and the concentrations of solutes in liquid steel increase with the development of solidification structure. As shown in Figure 8 , the primary phase (Ti, V)(C, N) first starts to precipitate in the form of Ti-rich carbonitride when the condition of nucleation has achieved. With the development of solidification, the ratio of V increases and the Ti-rich phase gradually transforms into Ti-V-rich one. Finally, the primary phase will transform into V-rich carbide phase, that is, V-rich (V, Mo, Cr)C type phase observed in the samples. Mo-Crrich (V, Mo, Cr)C phase does not precipitate until the solidification process reaches to the end. Sulfide precipitates before (V, Mo, Cr)C type phase and it could act as the nucleus of (V, Mo, Cr)C.
The large precipitates, especially Ti-rich phases with high hardness and thermal stability, are detrimental to the service performance of steel product. It is of significance to control or even dissolve them. For that the large phase is generated during solidification, taking reasonable measures to control the precipitating process during solidification will be more effective than the heat treatment latter. Reference [6] pointed that there existed an intermediate cooling rate range for which the diffusional homogenization in the solid during solidification and postsolidification cooling was optimal with respect to interdendritic spacing so as to reduce the degree of heterogeneity in precipitate dispersion in the as-cast structure. In addition, reasonable composition adjustment according to the precipitating process and the compositional characteristics of large precipitates, or refining as-cast structure through special remelting process [14] [15] [16] , such as ESR or VAR, or adding nucleating agent [17] [18] , or promoting heterogeneous nucleation of large precipitates by selecting appropriate nucleation site [19] [20] , such as MgO or Al 2 O 3 -MgO spinel, will contribute to control the large precipitates. 
Conclusions

